Studies on the relationship of cholesterol concentrations and lipid-lowering medications with dementia risk have yielded inconsistent findings. Therefore, we investigated the association of lipid concentrations and lipid-lowering medications with cognitive function in the Multi-Ethnic Study of Atherosclerosis across 3 different cognitive domains assessed by means of the Cognitive Abilities Screening Instrument (CASI; version 2), the Digit Symbol Coding (DSC) Test, and the Digit Span (DS) Test in 2010-2012. After adjustment for sociodemographic and confounding factors, including concentrations of other lipids and use of lipid-lowering medication, higher total cholesterol, low-density lipoprotein cholesterol, and non-high-density-lipoprotein cholesterol concentrations were modestly associated with higher DS Test scores. None of the lipid parameters were associated with CASI or DSC Test scores. Similarly, changes in lipid concentrations were not associated with any cognitive function test score. Using treatment effects model analysis and after adjusting for confounding factors, including lipid concentrations, the use of any lipid-lowering medication, especially statins, was associated with higher scores on the CASI and backward DS tests but not on the DSC and forward DS tests. Our study does not support a robust association between lipid concentrations and cognitive function or between the use of lipid-lowering medication, especially statins, and worse cognitive function.
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Hypercholesterolemia has been suggested as a risk factor for both dementia and Alzheimer disease (1, 2) . Animal studies have shown an association between high cholesterol concentrations and impaired cognitive function (3) (4) (5) (6) (7) . Conversely, studies of the association between plasma cholesterol concentrations and risk of dementia in human populations have yielded inconsistent findings, with some studies suggesting an association of high midlife cholesterol concentrations with increased dementia risk (8, 9) and others not finding such an association (10) (11) (12) . Moreover, studies of cholesterol concentrations measured in later life usually do not demonstrate a significant association with cognitive function or even show an inverse relationship (12, 13) .
The most commonly used lipid-lowering medications are 3-hydroxy-3-methylglutaryl-coenzyme A reductase inhibitors ("statins"). In 2012, the Food and Drug Administration issued a warning on postmarketing reports of cognitive impairment (such as memory loss, forgetfulness, amnesia, memory impairment, and confusion) associated with statin use (14) . Since then, the authors of several review articles have concluded that there is no strong evidence that statins have adverse cognitive effects (15) (16) (17) (18) (19) .
The Multi-Ethnic Study of Atherosclerosis (MESA) is a longitudinal cohort study of participants who were free of clinically apparent cardiovascular disease (CVD) at baseline (examination 1) (20) . Using existing data collected on this cohort, we investigated the relationships of concentrations of different lipids, their ratios, and use of lipid-lowering medications with cognitive function. We hypothesized that this would provide more supporting evidence on whether the use of lipid-lowering medications might be associated with worse cognitive function.
METHODS

Participants
The MESA study consists of 6,814 men and women from 4 major ethnic groups (non-Hispanic white, African American, Hispanic American, and Chinese American) who, at baseline, were aged 45-84 years and free of clinically apparent CVD (20) . None of the participants had physician-diagnosed CVD or current atrial fibrillation or had undergone procedures related to CVD at or before baseline. Between July 2000 and August 2002, participants from 6 US communities were recruited and enrolled in MESA at a baseline visit. Investigators at each field site recruited participants from locally available sources, which included lists of residents, lists of dwellings, and telephone exchanges. In the last few months of the recruitment period, supplemental sources (lists of Medicare beneficiaries from the Centers for Medicare and Medicaid Services and referrals by participants) were used to ensure inclusion of adequate numbers of minority and elderly subjects. Approximately equal numbers of men and women were recruited at each site, according to prespecified age and race/ethnicity proportions.
Over a follow-up period of 8.0-11.4 years (mean = 9.5 years), participants made up to 4 in-person clinic visits that were approximately 2 years apart. A total of 581, 867, 996, and 2,098 participants did not attended examinations 2, 3, 4, and 5, respectively. The study was approved by the institutional review boards at all participating centers, and informed written consent was obtained from all participants. The study was performed in compliance with the principles of the Declaration of Helsinki. The study objectives, design, and protocol have been described in detail previously (20) .
Among 6,814 participants at baseline (2000-2002), 4,716 participated in examination 5 (2010-2012) . Of these, 4,591 participants had available data on global cognitive function, and among these, 4,150 also had data on processing speed and working memory recorded at examination 5. Additionally, 4,076 had available data on lipid concentrations (total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), lowdensity lipoprotein cholesterol (LDL-C), and triglycerides) and use of lipid-lowering medications from examination 5. After exclusion of participants with invalid tests of global cognitive function or extremely low test scores (described below), dementia (based on International Classification of Diseases, Ninth Revision, codes), or use of dementia medications at examinations 1-5, a total of 3,926 participants were eligible for inclusion in this analysis.
Cognitive assessment instruments used at examination 5
Three standardized and validated tests were used to assess the cognitive domains of global cognitive function, processing speed, and memory (21) . These tests have been described in detail elsewhere (21) . Briefly, global cognitive function was assessed by means of the Cognitive Abilities Screening Instrument (CASI; version 2) (22) . The CASI measures attention, concentration, orientation, short-term memory, long-term memory, language abilities, visual construction, verbal fluency, abstraction, and judgment. Scores for individual items were summed to obtain an overall cognitive function score ranging from 0 to 100. The CASI was completed by 4,591 participants across the 6 MESA study centers, resulting in a completion rate of 97.4% among those returning for examination 5. Removal of extremely low scores due to incomplete examinations and clinically recognized dementia resulted in the elimination of 199 (4%) participants: 125 participants with invalid CASI scores and 74 persons with an International Classification of Diseases, Ninth Revision, code documenting a history of dementia or use of dementia medication at the time of or prior to cognitive testing. The remaining 4,392 participants (96%) were judged to be free of dementia and to have valid and complete cognitive testing data.
Processing speed and visuomotor ability were assessed by means of the Digit Symbol Coding (DSC) Test (23) . This test measures how quickly simple perceptual or mental operations can be performed, which, along with working memory (see the next test below), account for a large proportion of age-related variance in memory, reasoning, and other cognitive abilities (24) . The DSC scores ranged from 0 to 133.
Working memory and attention were assessed by means of the Digit Span (DS) Test (23) . The test was administered in 2 parts and required the participant to repeat spans of numbers that increased in length, first forwards and then backwards. Total scores ranged from 0 to 28. Forward (range, 0-14) and backward (range, 0-14) DS scores were analyzed separately because they assessed somewhat different aspects of memory. The forward DS Test mainly assesses attention and short-term auditory memory, while the backward DS Test measures working memory-the ability to manipulate verbal information while it is in temporary storage.
Because there were no well-validated clinical cutoff points for these tests and because the scores differed significantly across racial/ethnic groups, participants with scores in the lowest 10% within each racial/ethnic group were defined as having abnormally low scores. Web Table 1 (available at https:// academic.oup.com/aje) shows the cutoff points of these test scores in each racial/ethnic group.
Laboratory measurement
At all clinic visits, venous blood samples were collected after a 12-hour fast by certified technicians using standardized venipuncture procedures. HDL-C was measured using the cholesterol oxidase method (Roche Diagnostics, Indianapolis, Indiana) after precipitation of non-HDL cholesterol (non-HDL-C) with magnesium/dextran sulfate. Triglyceride concentrations were measured using a glycerol-blanked enzymatic method with the Triglyceride GB reagent (Roche Diagnostics) on the Roche COBAS FARA centrifugal analyzer (Roche Diagnostics). In plasma samples that had a triglyceride value less than 400 mg/dL, LDL-C was calculated using the Friedewald formula. The 3 most commonly used indices of atherogenesis-TC:HDL-C ratio, LDL-C:HDL-C ratio, and triglyceride:HDL-C ratio-were also calculated.
High-sensitivity C-reactive protein, fibrinogen, and interleukin-6 concentrations were measured in all participants at the baseline examination as described previously (25) . Apolipoprotein E gene (APOE) isoforms were estimated from the single nucleotide polymorphisms rs429358 and rs7412 as described previously (21) .
Other variables of interest
Information on demographic and socioeconomic factors was obtained using standardized questionnaires at all visits. Information on medication use was obtained by asking the participant to bring to the clinic containers for all medications used during the previous 2 weeks. The name of each medication, the prescribed dose, and the frequency of administration from the containers was recorded. Low-, moderate-, and high-intensity statin therapy was defined according to the 2013 American College of Cardiology/American Heart Association guidelines on the treatment of blood cholesterol to reduce atherosclerotic CVD risk in adults (26) . Elevated levels of depressive symptoms were defined as Center for Epidemiologic Studies Depression Scale score ≥16 and/or use of antidepressant medication, as described previously (27) . Physical activity was measured as the self-reported total number of minutes of moderate and vigorous activity per week, multiplied by metabolic equivalent level (28) . Hypertension was defined as blood pressure ≥140/ 90 mm Hg or use of antihypertensive medication. Diabetes was defined as fasting glucose concentration ≥126 mg/dL or use of glucose-lowering medication. Ten-year CVD risk was estimated using Framingham risk scores as described previously (29) .
Statistical analysis
For this analysis, we utilized data on lipid values from examinations 1 and 5 and data on cognitive function from visit 5. Data are presented as mean values (with standard deviations) or percentages. For variables with a skewed distribution, data are presented as median values (with interquartile ranges) and were log-transformed before analysis. Comparison of baseline clinical characteristics between 2 groups of participants was performed by independent t test for continuous variables and χ 2 test for categorical variables. Those variables with P values less than 0.1 were used as covariates in subsequent regression analysis.
Multivariable linear regression analysis with robust standard error estimation was used to assess the association of different measures of lipid concentrations and their ratios with cognitive scores after adjusting for covariates. Because lipidlowering medications (statins, fibrates, niacin, and/or bile-acid sequestrants) and APOE genotype can affect lipid concentrations, we adjusted for use of lipid-lowering medication and APOE genotype as covariates in all subsequent regression analyses. To avoid the confounding effect of frailty, we also adjusted the data for absolute change in body weight between the 2 most recent examinations and the number of days between these 2 examinations. Similar results were obtained when absolute change in body weight was replaced by relative change in body weight in all analyses (data not shown). No multicollinearity was detected (variance inflation factors <5.5 in all analyses). In a separate analysis, we also assessed the associations of absolute and relative changes in each lipid concentration measure and their ratios from examination 1 to examination 5 with cognitive scores at examination 5 using multivariable linear regression analysis with robust standard error estimation, after adjusting for the covariates, including history of lipid medication use.
To investigate interactions with sex and race/ethnicity, we estimated P values for interaction by including each additive interaction term in the regression models in the full sample after adjusting for the main effects of the covariates and the categorical subgroup variable.
The relationships between use of lipid-lowering medication and cognitive scores were analyzed using the multivariable linear regression models with endogenous treatment effects and robust standard error estimation in STATA ("etregress" command; StataCorp LP, College Station, Texas). We believed that this method could help us better assess the causal effect of a treatment on an outcome (cognitive function) based on observational data (30) (31) (32) . The outcome model was the same as the one used for the multivariable linear regression analysis described above. The treatment model included age, sex, race/ ethnicity, waist:hip ratio, height, education, smoking status (current, former, or never smoker), pack-years of smoking, current alcohol drinking, total gross family income, marital status, employment status, health insurance, diabetes, hypertension, physical activity, HDL-C, LDL-C, and log-transformed triglyceride level at examination 5. For participants taking lipid-lowering medication, the last untreated lipid concentrations at examination 4 or earlier were used, if available, in the treatment model. Finally, we conducted a sensitivity analysis to account for potential language and reporting biases, to determine whether the exclusion of participants who did not speak English at home would influence the results.
In all of the analyses, a 2-tailed P value less than 0.05 was considered statistically significant. The analyses were performed using SPSS 22 (SPSS Inc., Chicago, Illinois) and STATA 14.0.
RESULTS
Participant characteristics
Web Table 2 shows the clinical characteristics of the 3,926 participants at examination 5. In general, and compared with those with corresponding normal scores (i.e., scores falling in the top 90%), participants with low CASI, DSC, forward DS, or backward DS test scores were more likely to be older, less educated, retired, non-English-speaking, foreign-born, and less physically active than those with normal test scores. Participants with low test scores also tended to report no alcohol intake; to have a lower family income; to be widowed, divorced, or separated; to have a higher waist:hip ratio; to be shorter; to more often have diabetes or hypertension; and to have elevated depressive symptoms compared with those with normal test scores. For circulating concentrations of inflammatory markers such as C-reactive protein and interleukin-6, levels were higher in participants with low scores on the CASI and DSC tests but lower in participants with low forward and backward DS test scores. b Participants with scores in the bottom tertile (lowest 10%) within each racial/ethnic group were defined as having abnormally low scores (see Web Table 1 for the cutoff points of these test scores in each racial/ethnic group).
c P < 0.01. d P < 0.05. e P values were calculated using log-transformed data. f P < 0.001.
Association of lipid concentrations with cognitive function test scores
Multivariable linear regression showed that, compared with persons with normal test scores, participants with lower CASI scores had lower LDL-C, lower non-HDL-C, and a lower LDL-C:HDL-C ratio at examination 5 (Table 1) . However, no significant association was found between any lipid measure and CASI score after adjusting for confounding factors (Table 2) . Similarly, participants with lower DSC Test scores had lower TC, LDL-C, non-HDL-C, and LDL-C:HDL-C ratio at examination 5 (Table 1) , but there were no significant associations for these variables after adjustment for confounding factors (Table 2) .
Participants with lower forward and backward DS Test scores had lower LDL-C but higher triglyceride concentrations at examination 5 (Table 1) . Moreover, participants with a lower backward DS Test score also had lower TC and triglyceride:HDL-C ratio at examination 5 (Table 1 ). In multivariable regression analysis, after adjustment for confounding factors (Table 2 ), higher TC, LDL-C, and non-HDL-C at examination 5 were associated with higher scores on both the forward and backward DS tests. Additionally, at examination 5, higher TC:HDL-C and LDL-C:HDL-C ratios, but lower triglyceride concentrations, were associated with a higher forward DS score ( Table 2 ). All of these associations were very modest, although they reached statistical significance. No significant interactions were found with sex or race/ethnicity.
In a separate analysis, we analyzed the change in lipid measures from baseline (examination 1) to examination 5. As Table 3 shows, absolute change or relative change in lipid concentrations and their ratios were not significantly associated with any cognitive function test score at examination 5. As Table 4 shows, participants with a low CASI score were more likely to use lipid-lowering medications, especially statins, at examination 5. Although the use of fibrates was significantly higher among participants with a lower forward DS Test score at examination 5 than among those with a higher forward DS Test score (Table 4) , this result should be interpreted with caution, as the number of participants taking fibrates was small.
In a treatment effects model, the use of any lipid-lowering medication, especially statins, at examination 5 was significantly associated with higher CASI score ( Table 5) . Use of any lipidlowering medication was also significantly associated with higher backward DS Test score. This association was similar for statins and nonstatin drugs. The use of any lipid-lowering medication was not associated with DSC Test score or forward DS Test score at examination 5, despite the fact that use of other nonstatin medications tended to be associated with lower forward DS Test score. No significant interaction was found with sex or race/ethnicity.
The associations of any lipid-lowering medication use and statin use with CASI and backward DS Test scores did not differ significantly across participants with low, intermediate, and high 10-year CVD risks (Web Table 3 ). In a separate analysis, the associations with CASI and backward DS Test scores were similar between statins with low blood-brain barrier permeability and statins with high permeability (Web Table 4 ). The associations with backward DS Test scores were similar among participants receiving low-, moderate-, and high-intensity statin therapy, although the association with CASI score tended to be smaller with statin therapy of lower intensity (Web Table 4 ). Over 9.5 years of follow-up, an increase in the intensity of statin therapy was associated with higher CASI and backward DS Test scores (Web Table 5 ). All of these associations were also very modest, though they reached statistical significance.
In the sensitivity analysis excluding 779 participants who primarily spoke a non-English language at home at baseline (examination 1), use of any lipid-lowering medication was still significantly associated with higher CASI and backward DS Test scores, although the association of statins with higher CASI score did not reach statistical significance (Web Table 6 ). The associations of statins and other nonstatin drugs with backward DS Test score still remained significant (Web Table 6 ).
DISCUSSION
In this study, we found that higher TC, LDL-C, and non-HDL-C at examination 5 were associated with better working b Results were adjusted for age, sex, and race/ethnicity. c Results were further adjusted for education, smoking status, pack-years of smoking, current alcohol drinking, total gross family income, marital status, employment status, language spoken at home, health insurance, foreign-born status, physical activity, use of lipid-lowering medication (yes or no), waist:hip ratio, height, diabetes, hypertension, log-transformed C-reactive protein level, fibrinogen level, log-transformed interleukin-6 level, APOE genotype, and presence of elevated depressive symptoms.
d Results were further adjusted for HDL-C concentration (except for TC:HDL-C ratio, LDL-C:HDL-C ratio, and triglyceride:HDL-C ratio), LDL-C concentration (except for TC, non-HDL-C, TC:HDL-C ratio, and LDL-C:HDL-C ratio), and log-transformed triglyceride concentration (except triglyceride:HDL-C ratio), where appropriate.
e Results were further adjusted for absolute change in body weight between the 2 most recent examinations and number of days between the 2 examinations.
f Data were log-transformed before analysis. g P < 0.05. h P < 0.001. i P < 0.01.
memory at examination 5. Higher TC:HDL-C and LDL-C: HDL-C ratios, but lower triglyceride concentrations, were also modestly associated with better short-term memory. However, the associations were modest in magnitude, and none of the lipid parameters were associated with CASI and DSC Test scores. Moreover, we did not find any significant association between changes in lipid measures over the prior 9.5 years (from examination 1 to examination 5) and cognitive function test scores at examination 5. Therefore, our study did not support any consistent association between lipid profile and cognitive function. There are reports showing an association of high midlife cholesterol concentrations with increased risk of Alzheimer disease (8, 9) . Previous preclinical studies suggest that high cholesterol concentrations may cause neuropathological Alzheimer disease by increasing amyloid β-protein formation from amyloid precursor protein, decreasing the flux of amyloid precursor protein through the nonamyloidogenic α-secretase pathways, and affecting different nonamyloid factors such as local inflammation or tau metabolism (3) (4) (5) 33) . Nevertheless, there are also some cross-sectional and longitudinal population studies in the literature showing that higher TC in late life may be associated with a lower dementia risk (34) (35) (36) . Some of these findings may be confounded by frailty, since participants who are more frail may have lower cholesterol concentrations due to conditions such as poor nutritional status and thus have worse cognition. In this analysis, we tried to reduce this potential confounding effect by adjusting the data for recent change in body weight. However, we did not observe any robust association between lipid profile and cognitive function.
Analysis of the relationship between lipid-lowering medications and different cognitive scores using a treatment effects model identified a significant association of the use of any lipidlowering medication, especially statins, with better global cognitive function and working memory at examination 5 as assessed by the CASI and backward DS Test, respectively, but not processing speed as assessed by the DSC Test. All of these associations remained significant after adjustment for lipid concentrations, suggesting a relationship that is independent of these concentrations. In fact, it has been suggested that statins can exert their b Results were adjusted for examination 5 age, sex, race/ethnicity, education, smoking status, pack-years of smoking, current alcohol drinking, total gross family income, marital status, employment status, language spoken at home, health insurance, foreign-born status, physical activity, waist:hip ratio, height, diabetes, hypertension, log-transformed C-reactive protein level, fibrinogen level, log-transformed interleukin-6 level, APOE genotype, presence of elevated depressive symptoms, and history of lipid-lowering medication use at examinations 1 and 5 ("no use at both examinations," "use at examination 1 but no use at examination 5," "no use at examination 1 but use at examination 5," or "use at both examinations"), as well as baseline HDL-C, LDL-C, and triglyceride concentrations at examination 1 and change in body weight from examination 1 to examination 5.
c All P values were greater than 0.05.
cardioprotective effect beyond their lipid-lowering ability (37) , although the clinical importance of the long-term pleiotropic effects of statins is unclear. It has been suggested that some statins may have better blood-brain barrier permeability than other statins and that this difference may contribute to the beneficial effects of some statins, but not others, on dementia and Alzheimer disease (38, 39) . However, in this analysis, we found that the associations with CASI and backward DS Test scores were similar between statins with low and high blood-brain barrier permeability (Web Table 4 ). It has also been suggested that short-term statin use does not adversely affect cognitive function, while longterm statin use may have a beneficial effect (18, 19, 38) . Because MESA is a community-based cohort study, the number of participants taking nonstatin lipid-lowering medications and different types of statins was small. There was a lack of data on the duration of statin therapy. This limited further analysis by drug type and duration of therapy.
Our study had the advantage of making use of data with good quality control as part of a large, well-characterized sample of a In this analysis, the covariates in the outcome model included age, sex, race/ethnicity, education, smoking status, pack-years of smoking, current alcohol drinking, total gross family income, marital status, employment status, language spoken at home, health insurance, foreign-born status, physical activity, waist:hip ratio, height, diabetes, hypertension, log-transformed C-reactive protein level, fibrinogen level, log-transformed interleukin-6 level, APOE genotype, presence of elevated depressive symptoms, HDL-C concentration, LDL-C concentration, and log-transformed triglyceride concentration. The covariates in the treatment model included age, sex, race/ethnicity, waist:hip ratio, height, education, smoking status, pack-years of smoking, current alcohol drinking, total gross family income, marital status, employment status, health insurance, diabetes, hypertension, physical activity, HDL-C concentration, LDL-C concentration, and log-transformed triglyceride concentration. For participants taking lipidlowering medication, the last untreated lipid concentrations recorded at examination 4 or earlier were used, if available, in the treatment model.
b Data were compared with those of participants who were not taking any lipid-lowering medication at examination 5 (n = 2,403). c Ninety-six participants were excluded from the analysis because they took both statins and nonstatin medications.
clinically apparently healthy participants. Other strengths of the study include the availability of data on 3 different cognitive function tests, as well as data on multiple socioeconomic factors for use in the adjustment models. The longitudinal study design of MESA also allowed the analysis of change in lipid concentrations. However, there were several limitations of our study. Although the MESA cognitive assessment was designed to include tests that could be administered validly to the 4 different ethnic groups, the number and type of cognitive function tests performed at examination 5 were limited and were not likely to provide reliable individual domain scores. Another major limitation is that cognitive function is assessed at 1 time point only. Therefore, longitudinal analysis of the change in cognitive function and hence the temporal relationship between lipid concentrations and cognitive function was not possible. Although a treatment effects model was used to assess the relationship between the use of lipid-lowering medications and cognitive scores, our analysis was limited by the cross-sectional observational study design. We adjusted the data for multiple confounding factors but cannot exclude the possibility of residual bias due to unmeasured confounders (such as use of medications that induce cognitive decline). Because this was an observational study, our findings could have been confounded by indication bias, in which statins may be less often administered to participants with greater risk of cognitive decline due to the postmarketing reports of cognitive impairment associated with statin use. There could also have been many changes in the types of statins prescribed, drug doses, and drug combinations during the study period, and an increasing number of participants were lost to follow-up in subsequent examinations. Randomized controlled trials are needed to assess any causal relationship of lipid profile and lipid-lowering medications with cognitive function.
In conclusion, our study does not support a robust association between lipid concentrations and cognitive function or between the use of lipid-lowering medication, especially statins, and worse cognitive function.
